A 16 pH, 6 mC septum magnet load must be pulsed while extracting beam from the 200 MeV booster of the Zero Gradient Synchrotron (ZGS). A power supply was designed for this purpose that can deliver . 2 ms wide, half sine wave pulses with a PRF of 30 pulses per second. The peak current is adjustable from 3 kA to 10 kA and repeatable within + 0. 05% by means of a novel charging circuit. By providing a transformer between the magnet and the capacitor bank, the overall cost of the system was reduced to less than onehalf of that of a conventional capacitor discharge system.
Introduction
During the extraction of the proton beam from the 200 MeV booster of the ZGS, a septum magnet must be pulsed. The pulse must have a rise time of < 1 ms, a flattop of : 100 ps during which the current is maintained within e ± 0. 5%, and a peak current adjustable between 3 kA and 10 kA. These requirements can be met with a half sine wave pulse. In its simplest forrn, this is done by discharging the energy stored in a capacitor bank into the magnet as illustrated by Fig. 1 .
FIG.
CONVENTIONAL CAPACITO DISCHARGE CIRCUIT AND ASSOCIATED WAVEFORMS charging circuit and a switched high-Q charge recovery choke give improved circuit efficiency, the latter also reduces the heat load of the transformer and of the septum magnet.
Comparison of Switching Circuits Circuit Equations
When the capacitor of Fig. 1 is discharged into the load, an oscillatory current will result provided the total resistance in the circuit is sufficiently low. On triggering the forward thyristor S1, the energy stored in capacitor C is discharged into the magnet circuit. S1 turns off at the end of the first half cycle of the damped oscillation. The capacitor is then left with a smaller charge of opposite polarity until the reverse thyristor S2 is triggered and the second half cycle takes place in the opposite direction. The difference between the original and the final charge is supplied from the charging supply between pulses. In cases where the heat load on the magnet must be reduced or where the energy return is low, an improvement is possible by shunting the second half cycle around the magnet through a high-Q choke.
In our application, a cost reduction of more than 50% over the conventional discharge system was a<chieved by providing a transformer between the capacitor bank and the magnet. This greatly reduced the cost of capacitors for energy storage. A novel * Work performed under the auspices of the U. S.
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The time at which the current reaches its first peak is:
The first current peak does not occur at precisely the first quarter period of the discharge cycle, but at a point in time before. The term tan1 d/a describes the phase angle at which peak current occurs.
In high current discharge applications, every effort is made to make R appreciably less than the value for critical damping. With Heat losses in the magnet can be cut by nearly 50%
and the circuit efficiency can be increased by adding a high-Q charge recovery choke to the circuit of Fig Capacitor bank C prevents transient voltages from the charging supplyto reach thyristors S and diodes D. Therefore, their voltage rating need not be much higher than the operating voltage. For their current rating the repetitive surge current rating is important; this automatically gives a large safety factor for the rms current rating.
In this application 500 V thyristors with surge ratings of 6 kA and 500 V diodes with surge ratings of 5 kA would be chosen. Individual cables between the capacitors and the rectifiers and between the rectifiers and the magnet and the choke would be provided to force current sharing. The choke would be wound with three conductors in parallel, each conductor connecting to one rectifier. The inductance of the choke in Fig. 2 must be . 1. 25 times the inductance of the magnet. This will give the thyristors time to turn off before forward voltage is reapplied.
The life of a capacitor is inversely proportional to the fifth power of the applied voltage. 2 The life is reduced by one-half for each 100C rise in temperature above the rated temperature. 3 The greater the voltage reversal, the shorter the life. Therefore, for continuous operation over many years (approximately 9 x 108 charge-discharge cycles per year) conventional capacitors must be greatly derated. To achieve practically infinite life for this application, 400 s1F units rated 3 This reduces the capacitor bank to 24, 000 ,FF/16 = 1500 pF, and increases the peak voltage to E -4 x 300 V = 1200 V. For practically infinite life time 8 capacitors each rated 190 u,F, 8 kV and costing a total of $4, 000 were chosen. Figure 3 shows the improved circuit. With the recovery choke before the transformer, the transformer and the magnet carry only the positive half sine wave of current, the choke carries the negative half sine wave. Thyrister SI carries a peak current of 2500 A (I = 1710/4 = 428A), thyristor S3 and diode Dl carry 69% of this current. Diode D2 carries the magnetizing current which resets the transformer core. Thyristors rated 1600 V, 1600 Arms and6 kArepetitive surge current were selected for S1 and S3 and a 1600 V diode with a 1350 A rms and a 4. 8 kA surge current rating was selected for Dl. A 1400 V, 100 A diode is used for D2. Thyristors S2 carry the same current as the three thyristors S1 shown in Fig. 2 . However, since the transformer secondary was wound with eight cables in parallel, four thyristors, each rated 500V and 4. 8 kA repetitive surge current, were used in the circuit of Fig. 3 .
FIG, 3 DISCHARGE CIRCUIT WITH MATCHING TRANSFORMER AND ASSOCIATED WAVEFORMS
The discharge is initiated by triggering thyristors S1 and S2, diode Dl blocks C from discharging into the choke. Diode D2 blocks current from flowing through the choke when the magnet current has passed its peak. At the end of the first half cycle the thyristors block and the capacitors are charged to *s -830 V. Triggering S3 initiates the recovery half cycle via Dl through the high-Q choke. S3 also connects the transformer in parallel with the capacitor via D2, permitting a magnetizing current to flow which resets the transformer core. Thyristors S2 in the transformer secondary block current flow during the last quarter of the recovery cycle. It is worth mentioning that one thyristor in the place of D2 could replace both Dl and D2. This thyristor would be turned on with S3 to reset the transformer.
The transformer is located as close as practicable to the magnet on top of the shielding blocks which cover the ring magnets. Four RG-220 coaxial cables in parallel connect the transformer primary to the thyristors and diodes which are mounted 40 ft away in an enclosure which also houses the capacitor bank, the choke, and the charging supply. The transformer primary has 8 turns of two 4/0 cables in parallel, the secondary has 2 turns of eight 4/0 cables in parallel.
The tape wound transformer core has a 6 in x 12 in cross section of grain oriented silicon steel made from 0. 01 2 in thick laminations. The s econdar y turns connect through thyristors S2 to the magnet via 7 ft of a flat-strip transmission line. A Controlled Charging-Choke Circuit A much more efficient charging circuit than the one described in the above paragraph has been developed for this application which uses a choke with a crowbar thyristor.
A conventional charging-choke circuit is shown in Fig. 7 shows an HV charging circuit in which part of the discharged energy is recovered from the magnet Load together with the current and voLtage waveforms of the charging circuit. Between times to and t1 the magnet current has gone through one cycle as described earlier for the circuit of Fig. 1 Fig. 6 the charging cycle can be terminated at any instant between times t1 and t2. former (see Fig. 4 ).
